The 4ch bilateral control is a teleoperation method that transmits the position and force information between the master and slave, and the reproducibility and operationality are often used to evaluate it. Conventionally, the reproducibility and operationality have been utilized only for performance evaluation, although many controllers based on the 4ch bilateral control scheme have been proposed. Therefore, the aim of this paper is to determine the controller structure based on the target reproducibility and operationality in advance. The contribution of this paper is to develop an appropriate controller from the reproducibility and operationality through numerical computations and analyses. The structure of the proposed controller is verified through simulations and experiments.
Introduction
Human support robots (HSR) can be utilized in a wide range of areas, including disaster relief and medical uses; however, there are two main issues in applying HSR to these areas. First, humans cannot work in severe environments, such as dangerous or narrow areas. For instance, rescue work is sometimes dangerous in disaster areas. Minimally invasive surgery, which has been recently gaining attention, is conducted in a narrow operative field, which is smaller than human hands (1)- (3) . Second, it is difficult for humans to design robotic movement for work in unknown areas (4) . If the working environment is different from that which humans assume, the robots cannot accomplish the desired tasks. Therefore, in almost every case, conventional robots have operated only in known areas such as factories. On the other hand, the environmental conditions of disaster relief or medical areas are different in each situation. One of the methods for overcoming these difficulties is the remote operation of robots by humans from physically remote places. This method is called teleoperation (5) (6) .
In teleoperation, the transmission of different types of sensation information from the remote environment is necessary. Tactile sensation is especially essential for teleoperation because its sensation is highly helpful for the operators to conduct some tasks, in particular, interactive tasks with remote environmental objects. Because contact motion is required in many situations, such as disaster relief and medical areas, this research focuses on tactile sensation.
The goal of bilateral control is to transmit the hardness of objects as tactile sensation (7) . Bilateral control is the system a) Correspondence to: Kazuki Tanida. E-mail: tanida@sum.sd. keio.ac.jp * Graduate School of Science and Engineering, Keio University 3-14-1, Kohoku-ku, Yokohama 223-8522, Japan that transmits the position and/or force information between the master and slave robots. Here, master robots are operated by humans, while slave robots come into contact with environmental objects in remote places. In concrete, slave robots move according to the applied position and/or force information from humans via the master robots. At the same time, slave robots transmit position and/or force information to the master robots. When the slave robots come into contact with remote environmental objects, its information is also transmitted to the master robots. Therefore, humans can feel the remote environmental objects as if they are manipulating the slave robots at remote places. Many types of research concerning bilateral control have been widely conducted. In symmetric bilateral control, the position information is transmitted between the master and slave robots. Because this method does not take force information into account, it is difficult for humans to feel the reaction force of remote environmental objects. Either the slave robots or remote environmental objects are easily broken or damaged by this method. In force feedback bilateral control, position information is transmitted from the master robots to slave robots, and the slave robots transmit force information to the master robots. In 4ch bilateral control, both the position and force information are transmitted from the master robots to slave robots, while the slave robots also transmit both the position and force information to the master robots (8) .
Along with the proposal of several types of bilateral control, several evaluation methods for bilateral control have also been proposed. Hannaford et al. have shown the ideal response of bilateral control in a quantitative way (9) . Lawrence et al. have proposed transparency as a control index for bilateral control (10) . Zaad et al. have proposed the controller, which considers not only performance but also stability (11) much master robots can reproduce the hardness of remote environmental objects, which are placed in remote places. If the reproducibility is 1, the master robots emulate the impedance of remote environmental objects. Operationality shows how much force a human operator can feel in addition to the environmental force of the remote environmental object. If the operationality is 0, the operator only feels the environmental force from the remote environmental objects.
Several types of research have been conducted to improve reproducibility and operationality. Nishimura et al. have shown the design of nominal mass to improve operationality (13) . Nishimura et al. have used a phase-lead compensator to improve operationality (14) . Togashi et al. have used a phase-lead compensator to improve bilateral control (15) . Fujii et al. have used acceleration feedforward of the mutual motor information to improve reproducibility (16) . Horie et al. have proposed the 2ch controller, which can designed the operationality by changing the impedance model (17) . In these studies, reproducibility and operationality have been utilized only for performance evaluation as shown in Fig. 1(a) . Therefore, researchers determine the controller gain and evaluate the performance of the controller by reproducibility and operationality. However, it is hard to find a good controller through trial and error. Therefore, the motivation of this study is to consider the controller based on the target reproducibility and operationality in advance. The contribution of this study is to make clear an appropriate controller from the reproducibility and operationality, based on numerical computations and analyses. In the numerical computation, reproducibility and operationality are used as design parameters, as shown in Fig. 1(b) . Because the implementation of experiments has the limitation for the order of the control system, the targets of reproducibility and operationality are set to 1 and s 2 , respectively. This paper is organized as follows. In Section 2, the disturbance observer based robust motion control system, which is the main control approach in this paper, is briefly explained. In Section 3, the relationship between reproducibility and operationality is defined in this research. In Section 4, the numerical computations to design appropriate from the reproducibility and operationality are explained. In Section 5, the analyses of the parameter for phase-lead compensator and simulation results of the proposed controller is shown. In Section 6, the validity of the proposed method was confirmed in experiments. The paper is concluded by providing the conclusions and discussion in the last section.
Motion Control
In this Section, a 1-Degree Of Freedom (DOF) linear motor is modeled, which is the control target of this research. First, the equation considering dynamical model is explained. Second, the Disturbance OBserver (DOB) and Reaction Force OBserver (RFOB) are explained to show a plus or minus sign of variables, which is highly related to the expansion the calculation of the proposed method. Some conventional studies have defined the plus or minus sign without extensive consideration; however, in this study, we provide an appropriate discussion of these signs.
Modeling of Linear Motor
The motor, which is used in this research is a 1-DOF linear motor. The position and force are defined as X and F. Motor dynamics can be calculated as Eq. (1) . Note that all equations are considered in the Laplace domain hereafter, and s shows the Laplace operator.
Ms 2 X mt = F mt · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (1) where mt denotes the motor. In the actual environment, the motor is affected by the disturbance. Therefore, motor dynamics can be rewritten as follows.
Ms 2 X mt = F mt − F dis · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2) where dis denotes the disturbance. The disturbance force F dis can be divided by external force F ext , the internal force F int , the gravity force F g , friction force F fric , and parameter variations ΔMs 2 X, ΔK t I a as follows.
· · · · · · · · · · · · · · · · · · · · (3) where ext , int , g , and F fric denote the external, internal, gravitational, and friction force, respectively. ΔMs 2 X and ΔK t I a are parameter variations of mass and torque constant. The internal force F int is negligibly small because the motor placed to the horizontal direction. The friction force F fric , ΔM, and ΔK t can be treated as 0 in the case of assuming well-identified parameters. Therefore, Eq. (3) can be formulated as follows.
F dis = −F ext · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (4)
Disturbance Observer (DOB)
The high pass filter G D is implemented for estimating the disturbance force F dis to remove the negative effects from the high-frequency noise in the real environment as shown in Eq. (5) (18) (19) .
F dis = G D F dis · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (5) whereˆ is the estimated value. The DOB is applied to enhance the robustness of the system. The motor dynamics with the DOB is shown as below.
F dis · · · · · · · · · · · · · · · · · · · · · · · · · · (6) res denotes the response, and M n is the nominal mass parameter. The disturbance affects the system after passing through high pass filter G D . In this research, the first-order high pass filter G D is considered.
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (7)
where g D is the cut-off frequency of the high pass filter.
Reaction Force OBserver (RFOB)
One of the most common methods to measure external force F ext is to use force sensors. The force sensors detect external force F ext by amplifying the electronics signal of strain gauges. However, force sensors are easily affected by noise and temperature differences. Many types of research concerning the force sensor-less control have been conducted to overcome the disadvantages of force sensors, and RFOB is utilized to estimate external force F ext in this research (20) (21) .
External force F ext can be obtained after passing through low pass filter G R to eliminate the high-frequency noise although the RFOB is the model-based approach unlike the DOB. Therefore, the following equations are derived.
F ext = G R F ext · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (8)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (9) g R is the cut-off frequency of the low pass filter.
Contact with the Environment
In this section, the contact motion is considered. In contact motion, the motor comes into contact with the environment, such as humans and remote environmental objects. When the motor applies force, the external force F ext occurs. If the motor is the stationary state, the external force F ext will be the same as the motor force F mt as shown in follows.
F mt = −F ext · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (10)
The external force F ext can be calculated from the impedance Z of the environment, as shown in the following equation.
F ext = Z(X ext − X mt ) · · · · · · · · · · · · · · · · · · · · · · · · · · · (11)
The motor force F mt can be obtained from the external force F ext , which is obtained through low pass filter G R of RFOB, as follows.
F mt = −F ext = −G R F ext · · · · · · · · · · · · · · · · · · · · · · · · (12) On the other hand, the disturbance force can be obtained from the external force F ext through high pass filter G D of DOB is shown as below.
F dis = −G D F ext · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(13)
4ch Bilateral Controller
Bilateral control transmits the position and/or force information between the master and the slave. The human operates the master robot, and the slave robot contacts the remote environmental objects that are placed at the physically remote place.
The 4ch bilateral control is utilized in this research because it shows outstanding performance with regard to the transparency among other bilateral control methods. Hereafter, bilateral control means 4ch bilateral control. In this section, bilateral control and the indexes of control performance are explained.
Definition of Reproducibility and Operationality
In this section, the reproducibility P r and operationality P o , which show the performance indexes of bilateral control are explained. Position X and force F are transmitted between the master and slave robots in bilateral control. The relationship between the master and slave robots can be derived using hybrid matrix H.
· · · · · · · · · · (14) m and s denote the master and slave. H is a hybrid parameter, which show the components of the hybrid matrix. Equation (14) can be rewritten by using the estimated external forceF ext by RFOB.
· · · · · · · · · · · · · · · · · · · · (15)
The humans and remote environment objects interact with the master and slave robots, respectively. Therefore, the contact motion can be written as follows.
F ext m = Z hum (X ext hum − X mt m ) · · · · · · · · · · · · · · · · · · · · · · · (16) F ext s = Z env (X ext env − X mt s ) · · · · · · · · · · · · · · · · · · · · · · · · (17) hum and env denote human and remote environment objects.
From Eq. (12), Eq. (16) and Eq. (17), motor force F mt can be calculated as follows.
· · · · · · · · · · · · (19) Environmental force F ext in contact motion can be rewritten by using the hybrid parameters given in Eq. (15) .
X mt s · · · · · · · · · (21) X ext env becomes 0 by assuming that the remote environment object is a stationary state. Therefore, the environmental force F ext in the contact motion can be rewritten as follows.
F ext m = Z env H G 11 X mt s + H G 12 X mt s · · · · · · · · · · · · · · · · · · · (22) X mt m = Z env H G 21 X mt s + H G 22 X mt s · · · · · · · · · · · · · · · · · · · (23) Finally, the relationship between the external force F ext and the motor position X mt in the master can be written as follows.
X mt m · · · · · · · · · · · · · · · · · · · · · · · (24) Here, P r denotes the reproducibility and P o denotes the operationality. P r and P o can be calculated from the hybrid parameters H as follows.
· · · · · · · · · · · · · · · · · · · · · · · · · · · (25)
· · · · · · · · · · · · · · · · · · · · · · · · · · · (26) 
Reproducibility and Operationality Calculated from Position and Force Gains
In this section, the details of bilateral control are explained. There are two primary control goals in bilateral control. The first goal is that the position difference of master and slave robot is zero as shown in Eq. (27). This goal is called the differential mode in many studies regarding bilateral control. The second goal is that the force summation of master and slave robot is zero as shown in Eq. (28). This goal is called the common mode in many bilateral control studies.
X mt m − X mt s = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(27) F mt m + F mt s = 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·(28) Figure 2 shows the block diagram of the 4ch bilateral control with DOB and RFOB to achieve common and differential modes. C p denotes the position controller, and C f denotes the force controller. From Fig. 2 , the acceleration reference of master and slave robots are computed as follows.
By using the relationship between the estimated environmental forceF mt and the environmental force F ext , Eq. (29) and Eq. (30) can be rewritten as follows.
· · · · · · · · · (32) Therefore, hybrid matrix H can be calculated as follows.
By considering the relationship between reproducibility P r and operationality P o , the following equations can be obtained.
· · · · · · · · · · · · (38)
Proposed Controller

Numerical Computations of Reproducibility and Operationality
From Eq. (25) and Eq. (26), the denominators of operationality P o and reproducibility P r are the same. Therefore, the relationship between reproducibility and operationality can be defined as follows.
P o · · · · · · · · · · · · · · · · · · · (40) Equation (40) can be rewritten by using Eq. (37) and Eq. (38).
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · (41)
The relationship between reproducibility and operationality are computed as Eq. (42) by organizing Eq. (41).
By rearranging Eq. (42), the force gain C f can be calculated as follows.
M n · · · · · · · · · · · · · · · · · · · ·(43) cal denotes the calculated value. The second term of the right-hand side of Eq. (43) does not include reproducibility P r and operationality P o and is negligibly small. Therefore, the second term of Eq. (43) is ignored and simplified as Eq. (44).
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (44) P o = s 2 P acc o · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (45) Therefore, the equation of simplified force gain C simp f can be rewritten as follows.
· · · · · · · · · · · · · (46) By substituting the simplified force gain C simp f into Eq. (42), the position gain C p can be calculated as follows. In the following equation, P inv r is ignored because reproducibility P r is close to 1.
· · · · · · (48) P inv r = (1 − P r ) ≈ 0 · · · · · · · · · · · · · · · · · · · · · · · · · · · · (49)
The proposed position controller can be obtained by substituting Eq. (48) into Eq. (47).
C
prop p = 2s 2 + 4P r Z env M n P acc o + 2Z env G D · · · · · · · · · · · · · · · (50) prop denotes the proposed value in this research. In Eq. (46), the jerk response is used, and it is not realistic to implement. Therefore, the force gain C f can be simplified as follows by assuming that the cut-off frequency of RFOB is high enough.
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (51) Figure 3 can be obtained by substitute Eq. (50) and Eq. (51) into Fig. 2 . Comparing with the conventional controller (CONV) and gain tuning results, there are two new terms in Fig. 3 . One is in units of s 2 , the acceleration feedforward (ACC-FF). The other term is G D , which is the feedforward of the DOB high pass filter (DOB-FF).
Improvement of Reproducibility based on Phaselead Compensator
Large position and force gains make the reproducibility closer to 1. However, the larger gain makes bilateral control unstable just as the general position control or force control. In general, the system becomes more stable by increasing the phase margin and rapid response by the phase-lead compensator (PLC). Concretely, the PLC provides the phase lead at a specific frequency (from √ αω max to 1 √ α ω max ). ω max is the desired frequency of PLC-FF, and α is the PLC-FF gain. The PLC-FF gain α is set between 0 and 1. The effect of the PLC-FF can be neglected when the PLC-FF gain α is set to 1. The selection of ω max is discussed in Section 5.1. When the phase is led, the gain becomes larger, and the position response becomes better at the specific frequency. If the feedforward of the phase-lead compensator (PLC-FF) is introduced to the proposed bilateral control structure, the reproducibility improves owing to the improvement of the position response.
The reproducibility can be defined by using P lead r .
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (53) Here, reproducibility P lead r is set to almost 1. The controller with ACC-FF, DOB-FF, and PLC-FF is summarized as PROP in this research. The abbreviation of each method is summarized in Table 1 .
Tunable Parameters for Bilateral Control
There may be a noise problem in PROP. It is widely known that ACC-FF is sensitive to the noise effect. DOB-FF might also be sensitive to the noise effect. Therefore, each term needs to be tuned by assuming that the noise effect is harmful. However, there are no tunable parameters. Thus, new terms γ and κ are multiplied to the ACC-FF and DOB-FF gain as follows. The γ term is defined as the ACC-FF gain, and κ is defined as the DOB-FF gain.
· · · · · · · · · · · · · · · · · · (54) Z env = K env s + D env · · · · · · · · · · · · · · · · · · · · · · · · · · (55)
The ACC-FF γ and DOB-FF gains κ take the value between 0 and 1. By selecting the value of γ, κ, a, and ω max , the proposed controller PROP can be tuned by the terms of ACC-FF, DOB-FF, and PLC-FF. In other words, if γ and κ are 0 and the PLC-FF gain α is 1, the PROP becomes the same as the CONV. The position gain Z env is set by K env and D env as shown in Eq. (55). Therefore, the PROP can be depicted as Fig. 4 . 
Calculation of Hybrid Parameter
Simulations were conducted under three environments (very hard object, hard object, and no object). The spring of the very hard object was set to 100000 N/m, and the damper of the very hard object was set to 1000 sN/m. At the same time, the spring of the hard object was set to 10000 N/m, and the damper of the hard object was set to 10 sN/m.
The motor could not shove the object when the motor came into contact with a very hard object, and the position of the slave motor X mt s can be considered as 0. The following equation can be derived from Eq. (15) when X mt s = 0.
H G 11 =F
ext m −F ext s · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (56)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (57) F ext s could be considered to be 0 when environment objects were not placed. The following equations can be derived from Eq. (15) whenF ext s is 0.
ext m X mt s · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (58)
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (59) By using the results from Eq. (56) to Eq. (59), the operationality P o and reproducibility P r under contact with the hard object were simulated.
Analysis of Parameters for Phase-lead Compensator
The parameter for PLC-FF was determined in the simulations. The common parameters for each method are shown in Table 2 , and the parameter for each method is shown in Table 3 . There were three steps to decide the parameter ω max of the PLC-FF in this study.
( 1 ) The first step was to find changing points of reproducibility in the conventional method. There were five changing points in reproducibility in the conventional method as shown in Fig. 5 . The changing points were 7.6 Hz, 32.9 Hz, 55.9 Hz, 162.9 Hz, and 224.9 Hz. ( 2 ) The second step was to eliminate frequencies which Table 3 . Parameters for each method The changing points 162.9 Hz and 224.9 Hz were not selected because the frequency was larger than the observers' cut-off frequency, and ω max = 55.9 Hz was also eliminated because the compensator frequency ( 1 √ α ω max ) was larger than the observers' cut-off frequency in the case of α = 0.5. As a result, the candidate frequencies were 7.6 Hz and 32.9 Hz.
( 3 ) The third step was to select parameter ω max from the simulation results. The results were shown in Fig. 6 . The RMS errors from the target reproducibility and operationality were shown in Table 4 . The root-meansquare (RMS) errors of the differential mode and common mode of 7.6 Hz and 32.9 Hz in the simulations were shown in Table 5 . The smaller RMS error represents better performance in Table 4 and Table 5 . The RMS errors of the common mode at 7.6 Hz were better than those at 32.9 Hz. The RMS errors of the differential mode at 7.6 Hz were better than those at 32.9 Hz in the case of α less than 0.4. From the analytical results of reproducibility and RMS errors, better performance was exhibited at 7.6 Hz than at 32.9 Hz for small α. Therefore, 7.6 Hz was selected as the frequency of the phase-lead compensator.
Simulation Results
In this section, the proposed PROP was compared with the CONV not only in terms of reproducibility/operationality but also in terms of the RMS errors of the position/force responses. The parameters of each method were decided by trial and error in the experiments. When the same gains of K env and D env are set in PROP and PLC-FF, the vibrations of the motors became large. Therefore, the gains of PROP and PLC-FF were set to be smaller, as shown in Table 3 . The simulation results for reproducibility are shown in Fig. 7 . Because there were many methods to compare, the experimental results were separated to Fig. 7(a) and (b) . The best method had the smallest peaks, and the largest frequency point where the reproducibility becomes greater than 1. From Fig. 7(a) and (b) , the order of the methods that have the smaller peak of reproducibility from high to low was the PROP (high and low gains), ACC-FF, PLC-FF (high and low gains), DOB-FF, and CONV methods. The order of methods that had a higher frequency point where the reproducibility became greater than 1 from high to low was the PROP (high gain), PLC-FF (high gain), PROP (low gain), ACC-FF, PLC-FF (low gain), DOB-FF, and CONV methods. Therefore, the best method was the PROP (high and low gains) method, and the worst method was the CONV method from the viewpoint of reproducibility. Simulation results operationality were shown in Fig. 8 . The light blue line in Fig. 8 showed the target operationality P o = s 2 . The PROP method was the closest to the target operationality. The second closest method was the ACC-FF method, and the third closest was the PLC-FF (high gain) method. Other methods showed almost the same performance. Therefore, the PROP method was designed better than the other methods. From the viewpoint of design, the PROP method was better than the other methods.
The RMS errors of position response are shown in Fig. 9 . The method that has the smallest RMS error was the best method. The order of methods that have a smaller RMS error of position from better to worse was the PROP (low gain), ACC-FF, PROP (high gain), DOB-FF, CONV, PLC-FF (low gain), and PLC-FF (high gain) methods. If there was large noise out of the cutoff frequency, the PLC-FF (high gain) methods will easily diverge. On the other hand, the PROP method was more stable than the CONV method in the highfrequency range. The RMS errors of force response are shown in Fig. 10 . The method that has the smallest RMS error was the best method. The order of methods that have a smaller RMS error of force response within the observers' cut-off frequency is CONV, DOB-FF, PLC-FF, ACC-FF, and PROP methods. The order of methods that have a smaller RMS error of force response in which the range is larger than the observers' cut-off frequency was PLC-FF (high gain), PROP, ACCC-FF, DOB-FF, and CONV methods. Therefore, if there was large noise out of the cutoff frequency, the PLC-FF (high gain) method was better than the other methods. If there was small noise out of cutoff frequency, the CONV method was better than the other methods.
The PROP (low gain) method was better than the other methods from the viewpoint of reproducibility and RMS error of position responses. If the evaluation criteria include operationality, the ACC-FF method is better than the other methods. The PLC-FF (high gain) method might diverge under a large amount of noise at the high frequencies because the RMS error of the position response was large in the highfrequency range. The PLC-FF (low gain) and DOB-FF methods were almost the same as the CONV method. The PROP (high gain) method was better than the CONV method under low noise out of the cutoff frequency.
Experiments
Experimental Setup
The experiments were conducted in two steps to compare each method in the same condition because it is difficult for humans to perform the same motion for each method. To realize this experimental method, three linear motors: the master, slave, and operator were used for each robot, as shown in Fig. 11 . The rated torque and maximum torque of motors were 20 N and 60 N, ( 1 ) The first step was to preserve human motion. The CONV method was applied to the master and slave robots. The operator robot was not controlled but mechanically connected to the master robot. Under this composition, the human operated the master or operator robot and contacted the aluminum metal block. The contacts were conducted four times within 13 seconds. ( 2 ) The second step was the loading of human motion.
Human motion was loaded onto the operator robot.
For the master and slave robots, each method was implemented, and these motions were obtained.
Evaluation Methods
The evaluation methods were considered based on RMS errors of differential and common modes. The first evaluation is the summation of RMS errors over the entire set of experimental results. The second evaluation is the maximum difference of RMS errors at the time of contact to the remote environmental object, as shown in Fig. 12 . In the differential mode, the maximum difference was measured from the contact points to the remote environmental object in the slave robot. In the common mode, the maximum difference was measured from 0 [N]. The third evaluation is the convergence time of RMS errors after contact to the remote environmental object, as shown in 
Experimental Results
The entire experimental results are shown in Fig. 13 to Fig. 17 , and the RMS errors of the entire experimental results are shown in Table 6 Each method was first conducted with the same K env and D env as the CONV method. Then, the low gain of PLC-FF was conducted because the high gain of PLC-FF diverged, as shown in Fig. 15(a) and (b). The low gain of the PROP method was conducted to reduce the noise in Fig. 17(a) and (b). Because the PLC-FF (high gain) diverged, the evaluations of the performance of contacting the remote environmental object were conducted from 4.0 seconds to 5.0 seconds. The enlarged views of contacting moment from 4.4 seconds to 4.9 seconds were shown from Fig. 18 to Fig. 22 . The results of the evaluation of contacting moment are shown in Table 7 and Table 8 . Table 8 is the percentage results in the case of the CONV method set to 100%. From the perspective of the differential mode in entire experiments, the order of methods that have better performance was PROP (high and low gain), ACC-FF, PLC-FF (low gain), DOB-FF, CONV, and PLC-FF (low gain) methods as shown in Table 6 . From the perspective of the common mode in entire experiments, the order of methods that have better performance was PROP (low gain), ACC-FF, PLC-FF (low gain), DOB-FF, CONV, ROP (high gain), and PLC-FF (high gain) methods as shown in Table 6 . The order of methods that have better performance in both differential and common modes in the entire experiment was PROP (low gain), ACC-FF, PLC-FF (low gain), and CONV methods without considering PROP (high gain), and PLC-FF (high gain) methods.
The order of methods that have smaller convergence time in the differential mode in the contact moment was PROP (high and low gain), ACC-FF, DOB-FF, PLC-FF (low gain), and the CONV and PLC-FF (high gain) methods, as shown in Table 7 and Table 8 . The order of methods that have smaller maximum difference in the differential mode in the contact moment was PROP (high gain), ACC-FF, PROP (low gain), PLC-FF (low and high gain), DOB-FF, and CONV methods. From the perspective of differential mode in contact with a remote environmental object, the PROP (high and low gain), ACC-FF, PLC-FF (high gain), and DOB-FF methods exhibited better performance than the CONV method. In particular, the PROP (high gain) method exhibits a better performance than the CONV method by a factor of two.
The order of methods that have smaller convergence time of common mode in the contact moment was PROP (high and low gain), ACC-FF, PLC-FF (low gain), DOB-FF, and CONV, PLC-FF (high gain) methods as shown in Table 7 and Table 8 . The order of methods that exhibit a smaller maximum difference of the common mode in the contact moment was DOB-FF, CONV, PLC-FF (low gain), ACC-FF, PROP (low and high gain), and PLC-FF (high gain). From the perspective of the common mode in contacting a remote environmental object, the DOB-FF performed better than the CONV method.
From Fig. 13 to Fig. 17 , the PLC-FF (high gain) and PROP (high gain) exhibited large noise and difficult to transmit remote environmental object force to the operator. Other methods had a lower noise performance.
The PROP method showed significantly better performance than the CONV method without maximum differences of the common mode, but the noise of PROP with the high gain had the largest noise. The ACC-FF method showed better performance without considering the maximum difference of the common mode and less noise than the CONV method. The DOB-FF method showed better performance in all the evaluations and less noise than the CONV method. PLC-FF (low gain) method showed slightly better performance than the CONV method without maximum differences of the common mode, but PLC-FF (high gain) method did not perform as well as the CONV method and had higher noise levels.
Conclusion
Conventionally, reproducibility and operationality have been utilized only for performance evaluation, although many controllers have been proposed in the scheme of 4ch bilateral control. In this approach, the controller gain has been determined, and the performance of the controller with reproducibility and operationality has been evaluated. However, it is difficult to determine a good controller through trial and error. Therefore, the aim of this study is to determine the controller based on the target reproducibility and operationality in advance. The contribution of this study is to clarify an appropriate controller from the reproducibility and operationality, based on numerical computations and analyses.
From these numerical computations and analyses, the bilateral control was designed. This bilateral control has two new terms, ACC-FF and DOB-FF, in the position controller. To increase the transient performance of the position response, the phase-lead compensator is also applied and defined as the PROP method. The PROP method is equivalent ot the ACC-FF or CONV method depending on the parameters.
From the simulation results, the reproducibility and operationality became closer to the target value by using the PROP method and ACC-FF method rather than the CONV method. From experimental results, the PROP method showed much better performance in differential mode than the CONV method did, but the high gain of the PROP method had large noise. The ACC-FF and PLC-FF method also showed much better performance in differential mode than the CONV method did. However, the high gain of the PLC-FF exhibited larger noise and divergence was more easily obtained than with PROP. The DOB-FF method showed better performance in both differential and common modes. Because the PROP method becomes similar to the ACC-FF method by changing the parameter of the phase-lead compensator, the PROP method is better than the CONV method.
From the experimental results, it can be concluded that the performance of the PROP method was improved by using the ACC-FF and DOB-FF.
